The calcium-dependent protein kinase (CDPK) is a ser/thr protein kinase that plays vital roles in plant growth, development, and responses to multiple stresses. Despite an important member of the stress responsive gene family, little is known about the evolutionary history and expression patterns of CDPK genes in melon. Herein, a total of 18 CDPK genes and 7 CDPK-related protein kinases (CRK) genes were identified in the melon genome via bioinformatic analysis, which were unevenly distributed across eleven chromosomes with an apparent exception for chromosome 3. Comparative syntenic analysis between Cucumis melo L. and Arabidopsis thaliana revealed that 13 CmCDPKs and 19 AtCPKs existed in 20 corresponding syntenic blocks. In addition, based on gene structure and phylogenetic analyses, all CmCDPKs were divided into four groups (CDPK I-IV) and CmCRKs clustered into one group (CRK I). Interestingly, group CDPK IV was clearly distinct from the other three CDPK groups, but clustered with CRK I on the phylogenetic tree, implying their origination from a common ancestor. Furthermore, CmCDPKand CmCRK genes were differentially expressed in response to various stimuli, such as biotic stress (Podosphaera xanthii), abiotic stress (salt and cold), and hormone (abscisic acid) treatment. To our knowledge, this is the first report on CDPK and CRK gene families in melon, which provides a basic foundation for functional characterizations of CmCDPK and CmCRK genes in the future.
Introduction
To survive frequently occurring environmental stresses during plant growth process, plants have evolved an effective defense mechanism comprised of sophisticated signal transduction pathways. Calcium (Ca 2+ ), a universal second messenger, plays an important role in plant growth, development, and responses to various environmental stimuli [1] [2] [3] -regulated stomatal movements [43] . Moreover, CDPKs are also reported to participate in the signal transformation of hormone, such as abscisic acid (ABA) [44] [45] [46] , salicylic acid (SA) [47] , jasmonic acid (JA) [48] , and gibberellic acid (GA) [38, 49] .
Despite extensive studies of CDPK and CRK genes on many other plant species, little is known about these two gene families in melon, an agriculturally and economically important crop around the world. Heavy losses in melon production are frequently caused by various biotic stresses such as powdery mildew, and abiotic stresses including drought, salt and extreme temperatures [50] . The availability of the complete melon genome sequence provides an opportunity to perform a genome-wide analysis of multigene families [51] . In this study, we identified CDPK and CRK gene families in the melon, and analyzed their genomic structures and chromosomal distributions, as well as their syntenic and phylogenetic relationships. To further elucidate their possible involvement in melon stress responses, transcriptional expression analyses were also performed under biotic (powdery mildew) and abiotic (salinity and low temperature) stresses as well as ABA treatment. Our study provides new insights into the evolutionary history of the CmCDPK and CmCRK gene families and reveals a set of potential candidate genes for future genetic modification to increase pathogen resistance and stress tolerance in the melon.
Materials and methods

Identification of melon CDPK and CRK genes
The protein sequences for 34 CDPKs and 8 CRKs of Arabidopsis were obtained from the Arabidopsis Information Resource (http://www.Arabidopsis.org/). To identify the melon CDPK and CRK gene family, Arabidopsis CDPK and CRK protein sequences were used as queries to search against the melon genome (https://melonomics.net/) using BLASTp with the E-value setting to 1e -5 . In addition, HMM (Hidden Markov Model) profiles of protein kinase domain (PF00069) and EF-hand_7 domain (PF13499) [32] were downloaded from Pfam database [52] and also exploited for the identification of CDPK and CRK genes from melon genome using HMMER 3.0 (http://hmmer.janelia.org/) with default parameters. To further verify the reliability of these candidate genes, we also performed BLASTp search at NCBI using full-length amino acid of putative melon CDPK and CRK genes. Among those genes with alternative splice variants, the longest was chosen for further analysis. All non-redundant putative candidates were verified with the InterProScan program (http://www.ebi.ac.uk/interpro/) to confirm their completeness and presence of the core domain. Subsequently, all candidate gene sequences were future examined via the following online tools: SMART (http://smart.emblheidelberg.de/) [53] , Conserved Domain Database (CDD) (http://www.ncbi.nlm.nih.gov/ cdd/), and ScanProsite (http://prosite.expasy.org/scanprosite/) [54] Genomic distribution and synteny analysis of CDPK and CRK genes in melon Genes were mapped on chromosomes via identification of their chromosomal position, obtained from the melon database (https://melonomics.net/). MapInspect software was used to draw chromosomal distribution of CmCDPKs and CmCRKs (http://mapinspect.software. informer.com/1.0/). MCScanX software was utilized to detect the synteny relationship and duplication pattern of CDPK and CRK genes in the melon genome, as well as the synteny relationship between melon and Arabidopsis [55] . All melon protein sequences were subjected to search against themselves and proteins of Arabidopsis, respectively, using BLASTp with parameters E-value < 1e -10 , and setting the output format as tabular (-m 8) [56] . The BLASTp tabular file combined with the melon gene and Arabidopsis gene location files served as input for MCScanX to analyze syntenic relationship and duplication types with default settings, visualizing them via Circos (http://circos.ca/).
Genomic structure and phylogenetic analysis
Genomic DNA sequences of CmCDPKs and CmCRKs were obtained from the melon database (https://melonomics.net/), and corresponding cDNA sequences were downloaded from PLAZA (http://bioinformatics.psb.ugent.be/plaza/). The exon-intron organization was carried out with the online tool GSDS2.0 (http://gsds.cbi.pku.edu.cn/) [57] Full-length protein sequences of CDPK and CRK genes in Arabidopsis, tomato, and rice were obtained from the Arabidopsis Information Resource (TAIR, https://www.Arabidopsis. org/), tomato genome database (http://solgenomics.net/), and rice genome database (TIGR, http://rice.tigr.org), respectively.
Full-length CDPK protein sequences of Arabidopsis (34) [13] , tomato (29) [16] , rice (29) [19] , and melon (18) , as well as CRK protein sequences of Arabidopsis (8) [14] , tomato (6) [16] , rice (5) [19] , and melon (7) were aligned via the ClustalX 2.0 program with default settings. Finally, a phylogenetic tree was constructed with the aligned sequences, via MEGA6.0, using the neighbor-joining method and 1000 replicates for bootstrap [58] .
Plant material and stress treatments
The experiment was conducted in a greenhouse at the Northwest A&F University in China. The melon variety "Nantais Oblong", an inbred line provided by the vegetable research center of Beijing, was used in our experiment. The seeds of melon variety "Nantais Oblong" were cultured in a greenhouse at a constant daily temperature of 25-28˚C, a night temperature of 16-20˚C, and a relative humidity of 60% to 80%. The roots, stems, leaves, male flowers and tendrils were sampled separately and placed into liquid nitrogen for the tissue specific analysis. When the seedlings reached the three-or four-leaf stage, uniform melon seedlings were selected and used for the future experiments. For biotic stress experiment, powdery mildew (maintained on leaves of Podosphaera xanthii race 2F) was sub-cultured onto fresh leaves every fourteen days. Then foliar portions of plants were inoculated using leaf-brushing inoculation at night and incubated in the greenhouse at a constant daily temperature of 25-28˚C, a night temperature of 16-20˚C, and a relative humidity of 80% to 95%. Plants cultured without inoculation were used as control. The third leaf was harvested at 0 h, 12 h, 24 h, 72 h, and 120 h post inoculation (hpi), immediately frozen in liquid nitrogen, and stored at -80˚C.
For the salt stress treatment, melon seedlings at the three-leaf stage were transferred to Hoagland's nutrient solution for hydroponics pre-culture [59] , and upon development into the four-leaf stage, seedlings were treated with 250 mM NaCl, while normal plants, cultured in nutrient solution without NaCl were used as control. Low temperature stress treatment was performed by placing the plants in a growth chamber at 4˚C and at 80% humidity, while plants cultured at 25˚C and 80% humidity were used as control. For ABA treatment, melon seedlings at the four-leaf stage were sprayed with 100 μM ABA, while plants sprayed with water served as control. Following the respective treatments, the third leaves were harvested at 0 h, 1 h, 3 h, 6 h, 12 h, and 24 h post treatment (hpt), which were then immediately frozen in liquid nitrogen, and stored at −80˚C for further analysis.
RNA isolation and qRT-PCR
Total RNA from leaves was isolated using the RNASimple Total RNA Kit (TIANGEN, China) following the manufacturer's instructions. The integrity of RNA samples was measured via 2% agar gel electrophoresis. First-strand cDNA was synthesized via reverse transcription of 1μg total RNA using the FastQuant RT Kit (TIANGEN, China) following the manufacturer's instructions. Gene-specific primers for each CmCDPK and CmCRK were designed by Primer Premier 6.0 (S1 Table) . The cDNA was diluted to 100 ng/μl for qRT-PCR, which was conducted on a Bio-Rad Real-time PCR system (Foster City, CA, USA) using the SYBR Premix Ex Taq II kit (Vazyme). The reaction mixture was prepared in a total volume of 20 μl containing: 10.0 μl SYBR Green Master mix, 0.4 μl of each forward and reverse primers (10 μM), 0.4 μl Rox Reference Day1, 2.0 μl cDNA and dilute with ddH 2 O to 20 μl. The PCR conditions consisted of pre-denaturing at 95˚C for 5 min, followed by 40 cycles of 95˚C for 10 s and 60˚C for 30 s. To verify the specificity of the amplicons of each primer pair, melting-curve analyses of the products were conducted at the end of each PCR cycle with 95˚C for 15 s, 60˚C for 60 s, and then a constant increase from 60˚C to 95˚C with temperature increasing steps of 0.3˚C/s. The melon β-actin gene (GenBank accession number AY859055) was used as internal control [50] . Each relative expression level was calculated following the 2 -ΔΔCt method [60] . SPSS 21.0 software was used for statistical analysis, and the data were depicted as mean value ± SD of three biological replicate with three technical replicates. The significance of the differential expression between treatments and controls was verified via Student's t-test. The relative expressions were log2 transformed and visualized for heat map using Mev 4.8.1 and the column diagrams were prepared using Origin 9.0 software package.
Results
Identification and distribution of CDPK and CRK genes in melon
After bioinformatic analysis, we obtained a total of 25 non-redundant sequences. After domain prediction of these sequences via InterProScan, SMART, CDD and ScanProsite, a total of 18 CmCDPKs (typically containing both STKs_CAMK protein kinase and EF-hand domain), and 7 CmCRKs (containing solely a STKs_CAMK kinase domain) were identified in the melon genome, designated as CmCDPK1 to CmCDPK18 and CmCRK1 to CmCRK7 based on their chromosomal positions, respectively (Table 1) . To understand the genomic distributions of CmCDPKs and CmCRKs, 25 identified genes (18 CmCDPKs and 7 CmCRKs) were mapped onto melon chromosomes. As shown in Fig 1, all of these genes were unevenly distributed across 11 melon chromosomes, with only exception for chromosome 3, which contained none of them. The largest number of CmCDPK genes (four) was located on chromosome 4, followed by chromosome 8 (three genes) and chromosome 1, 5, and 7 (two genes each). However, among 7 CmCRK genes, chromosome 1, 4, 8, 9, and 11 contained 1, 1, 2, 1, and 2 CmCRKs, respectively (Fig 1; Table 1 ).
Prediction of biochemical characteristics of CmCDPK and CmCRK genes
Although the genomic sequences of 18 CmCDPKs vary widely, from 2705 to 12960 bp, the numbers of predicted amino acid are relatively similar, ranging from 501 to 585 amino acids, with the exception of CmCDPK6 that encodes 661 amino acids ( Table 1) . As a result, the molecular weights of the CmCDPKs in our study ranged from 56.25 to 74.22 kDa, with a predicted pI value of less than seven for most of these (except CmCDPK14). The 18 CmCDPKs were confirmed to contain the typical CDPK structure, including an N-variable domain, a protein kinase domain, an autoinhibitory domain, and a CaM-like domain [13] . It is to be noted that the EF hand motif in the CaM-like domain recognizes and binds Ca 2+ molecules [14, 61] . In our study, all the CmCDPKs were predicted to contain four EF-hands, with the exception of CmCDPK11 containing three EF-hands (Table 1) . Among the identified 18 CDPKs in melon, 7 CmCDPKs were predicted to contain myristoylation sites, while 16 CmCDPKs were predicted to contain palmitoylation sites (Table 1) . Additionally, there were two CmCDPKs, CmCDPK1 and CmCDPK17, which had neither myristoylation nor palmitoylation sites.
In comparison, we only obtained seven CmCRK genes in the melon genome, with predicted protein molecular mass from 63.12 to 69.44 kDa (Table 1 ). Similar to CDPK and CRK genes in tomato [16] , almost all CmCRK genes (except for CmCRK4) encode basic proteins, whereas CmCDPK genes encode either acidic or neutral proteins. According to the bioinformatic prediction, five CmCRK proteins contained myristoylation sites, while all CmCRK proteins contained palmitoylation sites.
Gene duplication and synteny analysis of CmCDPK and CmCRK
In addition to duplication of the whole genome, tandem duplication and segmental duplication also play important roles in the expansion and function of gene family [62, 63] . To investigate possible evolutionary relationships between CmCDPKs and CmCRKs, we analyzed duplication events in melon using MCScanX software, visualizing the results via Circos. As shown in Fig 2, two pairs of CmCDPKs were identified as segmental duplications (CmCDPK7/ CmCDPK18 and CmCDPK9/ CmCDPK18) (S2 Table) ; however no tandem duplication event existed among CDPK genes in melon. Moreover, we neither found segmental duplications nor tandem duplications in CRK genes in melon.
To further explore evolutionary connections between melon CDPK/CRK genes and Arabidopsis CDPK/CRK genes, a synteny analysis was performed via MCScanX using default parameters. As a result, we found 20 collinear gene pairs in melon CDPK and Arabidopsis CDPK gene family, including 13 CmCDPKs and 19 AtCPKs (Fig 2; S2 Table) . These results imply that the syntenic relationships could be divided into three types. The first type is that a single CmCDPK corresponded to a single Arabidopsis CDPK gene, including CmCDPK3- CmCDPK11-AT4G23650 (AtCPK3), and CmCDPK14-AT2G17890 (AtCPK16). For the second type, a single CmCDPK corresponded to two Arabidopsis CDPK genes, including CmCDPK8-
, and CmCDPK18-AT1G18890 (AtCPK10)/ AT1G74740 (AtCPK30). The last type only contained one melon gene CmCDPK2, which corresponded to three Arabidopsis CDPK genes: AT4G35310 (AtCPK5), AT2G35890 (AtCPK6), and AT4G38230 (AtCPK26). Moreover, two collinear gene pairs were identified in the melon and Arabidopsis CRK gene families including CmCRK3-AT3G50530 (AtCRK5) and CmCRK4-AT2G41140 (AtCRK1).
Phylogenetic analysis and structure of the CDPK and CRK gene family
To deeply analyze the phylogenetic relationships between CDPK and CRK genes, CDPK and CRK full-length protein sequences of melon (18 CDPKs and 7 CRKs), Arabidopsis (34 CDPKs and 8 CRKs), tomato (29 CDPKs and 6 CRKs), and rice (29 CDPKs and 5 CRKs) (S1 Data Sheet) were aligned via Clustal X2.0, and then were used to construct a phylogenetic tree with MEGA6.0 (Fig 3) . According to the classification of Arabidopsis CDPK gene [13, 64] , the 110 CDPK genes from the four species were divided into four groups (CDPK I, CDPK II, CDPK III and CDPK IV), while all CRKs fell into one group CRK I. Interestingly, group CDPK IV evidently clustered with CRK I on the phylogenetic tree. Of the four CDPK groups, CDPK I was the largest, consisting of 6 melon CDPKs combined with 10 Arabdopsis CDPKs, 13 tomato CDPKs, and 11 rice CDPKs. CDPK II contained 5 CDPKs from melon, 12 from Arabidopsis, 8 from tomato, and 8 from rice, while group CDPK III contained 6, 9, 6, and 8 CDPKs from melon, Arabidopsis, tomato, and rice, respectively. Finally, CDPK IV was the smallest group that comprised of one melon CDPK, 3 Arabidopsis CDPKs, 2 tomato CDPKs, and 2 rice CDPKs (Fig 3) . However, all the 26 CRK homologues gathered into group CRK I on the phylogenetic tree. As shown in Fig 3, lots of CDPK and CRK proteins from Arabidopsis, tomato, and rice clustered into sub-branches, while there were no pairs of paralogous relationships among CmCDPKs and CmCRKs.
The exon-intron structures can also provide important evidence to support phylogenetic relationships within a gene family [22] . To get further insights into evolutionary relationships between the CDPK and CRK gene families, gene structures of 18 CmCDPKs and 7 CmCRKs were integratively depicted, based on the gene annotation profiles and completed melon genome sequences (Fig 4) . According to the relatively high bootstrap values, five groups (CDPK I-IV and CRK I) could be observed in Fig 4 , which was consistent with the topology of Fig 3. All members of group CDPK I had seven exons, with two distinct intron phase patterns (111000 and 000222), while CmCDPKs in CDPK II and III contained seven or eight exons, respectively, sharing similar intron patterns with CDPK I. For example, compared to CDPKs in group I, four genes (CmCDPK3, CmCDPK8, CmCDPK12, and CmCDPK15) in CDPK III possessed eight exons with an additional intron gain in the 5' end, exhibiting a phase pattern 0111000, while the intron phase pattern of the remaining two genes (CmCDPK7 and CmCDPK18) in this group was 000222. Group CDPK IV contained only one gene: CmCDPK14. Strikingly, CmCDPK14 carried twelve exons with an intron phase pattern 02201010000, which was significantly above that of CmCDPKs (with seven or eight exons) in the other three groups. However, it was similar to CmCRK1, CmCRK3, and CmCRK7 of group CRK I, which had eleven exons with phase pattern 0220110000 (Fig 4) , inferring that these genes likely derived from a common ancestor. The remaining four members in CRK I carried eleven exons with another intron phase pattern of 0000220110.
Expression profiles of melon CDPK and CRK genes in different tissues
To assess the potential functions of CmCDPK and CmCRK genes during melon development, we investigated the expression patterns of all CmCDPK and CmCRK genes in five tissues (roots, stems, leave, male flowers and tendrils). As shown in Fig 5, all the identified CmCDPKs (except CmCDPK3) and CmCRKs were expressed in at least one of the five tissues, whereas the expression level of CmCDPK3 was not detected in any of the five organs. Some CmCDPKs and CmCRKs, such as CmCDPK9, CmCDPK18, and CmCRK5, were strongly expressed in male flowers, while CmCRK1 was expressed at nearly the same levels in all tissues (Fig 5) . All these data implied that CmCDPK and CmCRK genes might be involved in the growth and development of different tissues of melon. Expression profiles of melon CDPK and CRK genes under P. xanthii inoculation Powdery mildew is one of the most devastating biotic stresses that decreases melon yield and quality [65] . To get insight into the response of melon CDPK and CRK genes to powdery mildew, we designed specific primers for all CmCDPKs and CmCRKs, and examined their expression patterns in melon following inoculation with P. xanthii race 2F (Fig 6) . However, the expression of CmCDPK3 had not been detected in leaves after using three independent pairs of specific primers. Therefore, it was discarded in further analysis. Results showed that the majority of CmCDPKs and CmCRKs responded to P. xanthii inoculation, differing in their expression patterns (Fig 6A) . Using fold-changes above two fold or below 0.5-fold as thresholds, 10 CmCDPK genes and one CmCRK gene were found to be up-regulated upon P. xanthii inoculation. Among of these, the transcription level of CmCDPK7 reached a peak of nearly 3.8-fold at 24 h post inoculation (hpi), and rapidly decreased to around 1.3-fold at 120 hpi, similar with the expression pattern of CmCDPK15. Moreover, CmCDPK4 was up-regulated to 2.8-fold at 12 hpi, and then increased rapidly to 8.0-fold at 72 hpi. The only CmCRK gene induced by P. xanthii inoculation was CmCRK7, which peaked 5.8-fold at 12 hpi, but then fluctuated around 2.3-fold at 72 hpi (Fig 6B) . By contrast, we found a total of ten genes with repressed expression levels following P. xanthii inoculation. Among them, six were CmCDPK genes (CmCDPK5, CmCDPK6, CmCDPK8, CmCDPK9, CmCDPK12, and CmCDPK19) and four were CmCRKs (CmCRK2, CmCRK3, CmCRK4, and CmCRK6). The transcript abundance of CmCDPK9 as well as that of CmCRK4 decreased to around 0.30-fold at 12 hpi, which remained at a significantly lower level than that of control for the rest of the treatment time Intriguingly, CmCDPK12 was down-regulated at 24 hpi but increased to 2.3-fold at 120 hpi (Fig 6B) . All these results imply that CmCDPK and CmCRK genes likely played important roles in mediating the responses of melon to P. xanthii induced stress. Expression profiles of melon CDPK and CRK genes under salt, low temperature, and ABA treatment Previous research showed that CDPK genes are widely involved in the adaptation of plants to environment stimuli, and that the expressions of CDPK genes are effected by salt, cold and exogenous phytohormones [7] . However, little is known about how melon CDPK and CRK genes respond to these stimuli. To detect potential functions of melon CDPK and CRK genes under abiotic stresses and hormone treatment, we investigated the expression of CmCDPKs and CmCRKs under salt (250 mM NaCl), cold (4˚C), and abscisic acid (ABA 100 μM) treatments. As shown in Figs 7 and 8 , almost all CmCDPKs and CmCRKs (except CmCDPK3 as described above) responded to at least one stress; however some responded only slightly. Compared to the salt and ABA treatment, cold stress showed a stronger and more complex effect on the transcript levels of CmCDPKs and CmCRKs. Nonetheless, some genes showed similar expression patterns under different treatments. CmCDPK2, CmCDPK4, CmCDPK13, and CmCDPK18 were up-regulated under both NaCl and cold stresses, while CmCDPK8 showed lower transcription levels in all treatments. Furthermore, converse expression patterns were also observed, such as the down-regulation of the transcription level of CmCDPK11 due to ABA treatment, which was up-regulated under NaCl and cold stresses.
Following NaCl treatment, the transcription abundance of CmCDPK13 sharply increased to 12.5-fold at 1 h post treatment (hpt) and reached to a maximum of 14.6-fold at 3 hpt. However, it decreased gradually for remaining treatment duration, similar to the expression pattern of CmCRK7 (Fig 7B) . Four genes (CmCDPK1, CmCDPK2, CmCDPK4, and CmCDPK7) have been found to be strongly up-regulated at 3 hpt and remained at significantly elevated levels (Fig 7A) . However, the expression level of CmCDPK9 dramatically reduced to 0.09-fold at 1 hpt and remained at a stable low level, similar to the expression pattern of CmCRK3 (Fig 7B) . Moreover, CmCDPK6 showed a much more complex expression pattern, with 1.0-fold at 1 hpt, which increased from 4.5-fold to 5.6-fold at 3 to 6 hpt, then rapidly decreased from 0.39-fold to 0.11-fold at 12 to 24 hpt, respectively (Fig 7B) .
The expression profiles of CmCDPK and CmCRK genes in response to 4˚C treatment were shown in Fig 7. Strikingly, only three genes (CmCRK8, CmCRK12, and CmCRK4) were significantly down-regulated due to cold stress. All of other genes were up-regulated, differing at expression levels and treatment times, with the exception for CmCDPK1 and CmCRK7 that displayed no obvious changes. The transcript level of CmCDPK15 rapidly increased to 8.1-fold at 1 hpt, but gradually decreased to 4.6-fold at 6 hpt, which was then up-regulated to a considerable 21.5-fold at 24 hpt, similar to the expression pattern of CmCDPK2 (Fig 7B) . Moreover, cold stress significantly up-regulate CmCDPK2 at all treatment times, compared to its expression abundance in response to high salinity (Fig 7A) . These expression analyses suggest that the majority of CmCDPKs and CmCRKs were involved in the low temperature response of melon.
As a phytohormone, ABA widely participates in the response of plant to biotic and abiotic stresses [66] . In the current study, we found that all CmCDPK and CmCRK genes (except for CmCDPK5 and CmCDPK14) were down-regulated at 12 hpt with ABA treatment, such as CmCDPK16 reaching 0.09-fold at 12 hpt (Fig 8B) . The expression levels of CmCDPK12 and CmCRK4 were significantly decreased after ABA treatment at all treatment times, while only a few genes, such as CmCDPK5 were up-regulated by exogenous ABA (Fig 8B) . CmCRK5 in particular responded rapidly to ABA, reaching 3.4-fold at 1 hpt, afterward sharply decreased to 0.44-fold at 12 hpt, similar to the expression trend of CmCDPK10 (Fig 8B) . When compared to NaCl and 4˚C treatments, the majority of CmCDPK and CmCRK genes likely acted as negative regulators in the signal transduction induced by exogenous ABA.
Discussion
With the completion of the sequencing of the whole genome, an increasing number of studies have focused on the analysis of a particular gene family. Compared to CRK genes, the CDPK gene family has been investigated in far more plants. However, the relationship between the CDPK and CRK gene families in melon still remain ambiguous. In the present study, we investigated the physico-chemical characteristics, gene structures, chromosome distributions, synteny relationships, duplication events, and phylogenetic relationships between CmCDPK and CmCRK genes. Furthermore, we analyzed gene expression patterns in response to biotic and abiotic stresses. Our work provides a better understanding of CDPK and CRK gene families in melon, which will serve as a molecular genetic basis for the genetic improvement of melon.
Identification of CDPK and CRK gene families in melon
To the best of our knowledge, the CDPK and CRK gene families in melon have never been studied before. In the present study, we identified 18 CDPK and 7 CRK genes in the melon sequenced genome (Fig 1; Table 1 ), and all CmCDPKs had both STKs_CAMK protein kinase and EF-hand domains, whereas CmCRKs had only STKs_CAMK protein kinase [16] . Compared to CDPK genes in Arabidopsis (34), tomato (29) , rice (31), poplar (30) and cotton (41) [13, 16, 18, 21 ,22], we found a lower amountof CDPK genes in melon. However, this is similar to cucumber (19 CsCDPKs) [23] , an important vegetable crops from Cucurbitaceae family.
Gene duplication events play a major role in genomic rearrangements and expansions. Whole genome duplication (γ, β, α) events often occur in angiosperms leading to an increasing numbers of whole genome genes [63, 67] . Meanwhile, tandem and segmental duplications also play important roles in CDPK gene family expansion [68, 69] . Two tandem and 12 segmental duplications have been reported in the CDPK gene family of poplar [21], 13 segmental duplications in cotton [22] , and seven segmental duplications in rice [19] , indicating that segmental duplications play a predominant role in CDPK gene expansion in a majority of plants. Similarly, the low number of segmental and tandem duplications explains the low CDPK gene numbers in cucumber [23] . In our study, only two segmental duplication events were identified among CmCDPKs (CmCDPK7/ CmCDPK18 and CmCDPK9/ CmCDPK18) and no tandem duplication was detected (Fig 2; S2 Table) , which is a plausible reason for the relatively low number of CDPKs in melon. Taken together, it can be postulated that 18 CmCDPKs and 7 CmCRKs are sufficient for mediating Ca 2+ signals in melon.
Structure analysis and evolutionary relationships of CmCDPKs and CmCRKs
The CDPK genes show a high combination with Ca 2+ via EF-hands, and allosteric properties of Ca 2+ binding and the activation threshold may cause the differences in number and position of EF hands [70] . Furthermore, the special structure of EF-hand domain can be used to distinguish the CRK gene family from the CDPK gene family. In general, but not in all cases, the CDPK genes in plants have four EF-hands. However, exceptions have been reported for several CDPK genes in Arabidopsis and maize that contain two or three EF-hands [13, 71] . In our study, all
CmCDPKs (except for CmCDPK11) contain four EF-hands and CmCRKs contain no EF-hand domains (Table 1) . Hence, it will be interesting to explore differences in the biological function between CmCDPK11 (three EF-hands) and other CmCDPKs (four EF-hands) in the future. The N-terminus of a subset of CDPK proteins contained a myristoylation motif, which is supposed to promote protein-membrane and protein-protein interactions [72] . Palmitoylation is reversible and provides a regulatory mechanism of the subcellular localization [70, 72, 73] . Among the identified 18 CmCDPKs in melon, 7 CmCDPKs were predicted to contain myristoylation sites, while 16 CmCDPKs were predicted to contain palmitoylation sites and two CmCDPKs have neither myristoylation nor palmitoylation sites (Table 1 ). All the seven CmCRK proteins contained palmitoylation sites, and five of them contained myristoylation sites. This is consistent with the previous findings that most CRKs have N-terminal modifications [74] .
In our study, we investigated phylogenetic relationships to reveal the evolutionary history of the CDPK and CRK gene families. Our results revealed that all CDPK and CRK genes from melon, Arabidopsis, tomato, and rice were distributed among all four groups, which is consistent with an origin of the CDPK gene before the divergence of eudicot and monocot [16, 32] . Apart from degeneration of EF-hands, CRKs showed high similarities with CDPKs. CDPK genes were identified throughout the whole plant kingdom, even in some ancient plants, such as algae [75] . However CRK genes are absent in algae [16] . Previously, it was demonstrated that CRK and CDPK IV originated from a common ancestor, and that they separated after the split of green algae and the last common ancestor of the land plant lineage [16, 22] . In agreement with this, a close phylogenetic relationship was found between the CDPK IV and CRK groups in our study (Fig 3) . Compared to CDPK and CRK proteins from Arabidopsis, tomato, and rice clustering into sub-branches, there was no pairs of paralogous relationships among CmCDPKs and CmCRKs in phylogentic tree (Fig 3) , which may be a possible reason for the number variations of CDPK/CRK genes between melon and the other three species.
The exon-intron structure reflects the evolution, expansion, and functional relationships of a gene family [22] . A change in the number of introns reflects the rate of gene divergence. Moreover, the insertion of a small DNA fragment alters the phase, finally leading to variations in gene function [76] . Three main types of mechanisms can cause the differences in the exonintron structure (exon/ intron gain/ loss, exonization/ pseudoexonization and insertion/ deletion) [32, 77] . To get further insights into evolutionary relationships between the CDPK and CRK gene families, we analyzed the exon-intron structure and intron phases of CmCDPKs and CmCRKs. As shown in Fig 4, the CDPKs were divided into four subgroups, which was consistent with the topology of the phylogenetic tree (Fig 3) . The exon numbers of CmCDPKs in CDPK I-III were seven or eight. However, gene CmCDPK14 in group CDPK IV contained 12 exons, which was similar to the exon numbers of CmCRKs. Furthermore, group CDPK IV clustered with CRK I rather than with the other three CDPK groups in Figs 3 and 4 , indicating that they originated from a common ancestor [16, 22] . Previous studies reported that intron loss happens more easily than intron gain during evolution [78] . The distance tree and gene structure (intron number and intron phase) suggest that the ancient ancestor of CmCDPK genes may have a similar intron number with CmCRKs in the early time, but experienced intron lost events during the process of evolution. Therefore, we propose that CDPK IV, which contains 12 exons, may be a more ancient lineage of the CDPK gene family.
Function of CDPK and CRK genes in response to stimuli
An increasing number of studies have confirmed the crucial role of CDPKs and CRKs in plant stress response and in related signaling pathways [64] . Consequently, we investigated the expression of CmCDPKs and CmCRKs under biotic stress (powdery mildew), abiotic stress (salt and cold), and hormonal (ABA) treatment. In our study, the majority of CmCDPKs and CmCRKs were transcriptionally modified by salt, cold, ABA, and powdery mildew inoculation (Figs 6-8) . Some genes showed similar expression patterns under a specific stress. As shown in S1 Fig, CmCDPK5 , CmCDPK6, CmCDPK8, and CmCDPK9 were strongly down-regulated due to P. xanthii inoculation, CmCDPK9, CmCDPK12, and CmCDPK17 were down-regulated in response to salt stress, CmCDPK2, CmCDPK4, CmCDPK10, CmCDPK13, and CmCDPK18 were up-regulated due to cold stress, and most CmCDPKs were down-regulated after ABA treatment. These observations indicate that some CDPK genes could cooperatively regulate a specific stimulation, consistent with the findings of many plants, such as CDPK gene in tomato [16] , poplar [21], cucumber [23], canola [29] and grape [32] .
Some CmCDPKs and CmCRKs were found to respond to various stresses with different expression patterns in the current study. For instance, CmCDPK15 was up-regulated by cold stress, but down-regulated by salt stress (Fig 7) . Transcriptional abundance of CmCDPK9 was down-regulated by both salt and ABA treatments, while cold stress did not result in any changes (S1 Fig). CmCRK2 was up-regulated under cold stress, but strongly down-regulated after powdery mildew inoculation (S1 Fig). Notably, CmCDPK8 was down-regulated in all the responses to powdery mildew inoculation, salt, cold, and ABA treatment, indicating its multiple functions in plant response to diverse stimuli (S1 Fig). These results imply complex functionality of CmCDPKs and CmCRKs in multiple signaling pathways, which is consistent with previous studies [7] .
There are twenty-two collinear blocks of CDPK and CRK genes between melon and Arabidopsis (Fig 2; S2 Table) . Intriguingly, we found correlated functional connections in syntenic genes. For example, AtCPK6 was found to significantly improve salt tolerance [79] , and its collinear gene CmCDPK2 was also up-regulated during salt stress. Both CmCDPK8 and its collinear gene AtCPK32 were involved in the response to ABA stress [80] . The synteny analysis of melon and Arabidopsis may provide insights into the prediction of gene function for CDPK and CRK genes.
It has been widely known that CDPKs play critical roles in different aspects of plant response to abiotic stresses. In cucumber, almost all CsCDPKs were up-regulated under cold stress, but only half of them were induced at the transcriptional level after exposure to high salinity [23] . However, the majority of CmCDPKs in melon were up-regulated under both cold and salt stresses (Fig 7) . It is interesting to point out that all the identified CmCDPK genes (except for CmCDPK5 and CmCDPK14) were strongly down-regulated at 12 hpt with ABA treatment, while most cucumber CsCDPKs still remain at high expression levels at 12 hpt with exposure to ABA stimuli [23] .
In the present study, we performed an in-deep analysis of two pairs of segmental duplications, CmCDPK7/ CmCDPK18 and CmCDPK9/ CmCDPK18. Although CmCDPK7 and CmCDPK18 had similar exon-intron structures in terms of exon number and intron phase (Fig 4) , their expression profiles were different in response to stress. They were both up-regulated by salt stress but the extent was stronger in CmCDPK7 than in CmCDPK18, which was similar for powdery mildew treatment (Figs 6 and 7) . Based on the observations mentioned above, we suggest that CmCDPK7 and CmCDPK18 may have undergone subfunctionalization, which greatly adds gene specific functionality [81] . We found distinct expression profiles between CmCDPK9 and CmCDPK18. For instance, CmCDPK9 was down-regulated but CmCDPK18 was up-regulated due to salt stress and powdery mildew inoculation (Figs 6 and  7) . Furthermore, their exon numbers and intron phases were apparently different, and CmCDPK9 belonged to CDPK II while CmCDPK18 belonged to CDPK III in the phylogenetic tree (Figs 3 and 4) . Above all, the two genes might undergo a divergent process of structure and function in their evolutionary history.
Conclusions
We identified 18 CDPK and 7 CRK genes in the melon genome that were unevenly mapped among 11 chromosomes. Based on gene structure and phylogenetic tree analyses, CmCDPKs were divided into four groups with conserved domain. Synteny analysis identified two segmental duplication events of CmCDPKs and 22 syntenic blocks of CDPK and CRK genes among melon and Arabidopsis. Expression profile analysis of CmCDPKs and CmCRKs due to various stresses implied their crucial roles in response to multiple signaling pathways. This study provides important insights into the evolution and function of CDPK and CRK genes in melon, which will be vitally useful to melon breeding programs. 
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